Abstract. Potassium halogenthiophosphates K 6 PS 5 Br and K 6 PS 5 Cl as well as halogen-free K 7 PS 6 compound were synthesized using the two-step technique from elemental substances as well as potassium halides. The elemental composition of the obtained samples was determined using energy-dispersive X-ray spectroscopy. Raman spectra of K 6 PS 5 Br and K 6 PS 5 Cl show themselves to be much similar to those of chemically related Cu 6 PS 5 Br and Cu 6 PS 5 Cl argyrodite crystals. The much richer spectra of K 6 PS 5 Br and K 6 PS 5 Cl as well as K 7 PS 6 , however, reveal that their structure most likely differs from the cubic structure of Cu 6 PS 5 Br and Cu 6 PS 5 Cl argyrodites.
Introduction
The family of argyrodite-structure compounds (the name originates from the argyrodite Ag 8 GeS 6 mineral) includes a great number of representatives with a common chemical formula -) anions [1] . Some of them are known as superionic conductors promising for applications as solid electrolytes, supercapacitors, ion-selective membranes, and other electrochemical devices [2] . They are characterized by high electrical conductivity comparable to that of the best superionic conductors [3] . The most extensively studied are copper-and silver-containing argyrodites that were the subject of numerous studies (e.g. [4] [5] [6] [7] [8] ). They are obtained in single-crystal, polyand nanocrystalline forms, as composites, ceramics, and thin films [8] [9] [10] [11] [12] [13] [14] . For these materials, detailed structural, electrical, and optical studies were carried out, order/disorder processes and ion transport mechanisms were studied.
It was shown that structural disorder in the superionic phase of argyrodite crystals consists of two components -static and dynamic [8] . The former is related to the structure deficiency and leads to local nonuniform electric fields, which, in turn, result in additional smearing of band edges. Dynamic structural disorder appears in the superionic phase as hopping motion of mobile copper ions leading to high ionic conductivity. In the optical spectra, this disorder is revealed as the Urbach behaviour of the absorption edge in the superionic phase [5] [6] [7] [8] . The electrical conductivity of copper-containing Cu 6 PS 5 I, Cu 6 PS 5 Br and Cu 6 PS 5 Cl argyrodites at 300 K and 1 kHz is 1.3×10 -1 S/m, 1.2×10 -3 S/m and 4.3 S/m, respectively [15] .
For practical purposes, most suitable are argyrodite materials in the form of composites, ceramics, or thin films. For Cu 6 PS 5 I-based composites with polyvinylacetate, the electric conductivity is 7.2×10 -2 S/m at 10 6 Hz [10] , while for the composites of Cu 6 PS 5 I nanoparticles in a 6CB liquid crystal it increases to 4.8×10 -6 S/m at 10 6 Hz [12] . For Cu 6 PS 5 I-based ceramics the total electrical conductivity increases with the grain size decrease: for the average grain size of 24 nm it reaches 5.6×10 -1 S/m at 10 6 Hz, a value typical for single-crystal Cu 6 PS 5 I [13] . Cu 6 PS 5 I-based thin films deposited by non-reactive radio-frequency magnetron sputtering are also characterized by the high electrical conductivity 5.2×10 -2 S/m at 10 6 Hz [14] . In the recent decade, lithium-containing Li 6 PS 5 X (with X = Cl, Br and I) argyrodite superionic conductors have been actively studied as promising materials for all-solid-state batteries (ASSBs) [16] [17] [18] [19] . It was demonstrated that ASSBs with oxygen-doped Li 6 PS 5-x O x Br (0 ≤ x ≤ 1) superionic conductors can achieve higher capacities than oxygen-free superionic materials [20] .
Even though the lithium-containing superionic conductors are very promising, the search for new superionic materials, in particular the sodium-or potassium-containing ones, is currently of great importance. This work is aimed at the synthesis and characterization of new potassium-containing argyrodite compounds which, to our knowledge, have not been reported so far.
Experimental
Potassium halogenthiophosphates K 6 PS 5 Cl and K 6 PS 5 Br were synthesized from high-purity elemental components: potassium 99.9 %, sulphur extra pure 15-3, phosphorus 99.9994% as well as chemically pure potassium chloride (bromide), additionally refined by directed crystallization from the melt. The twotemperature synthesis method was employed: stoichiometric amounts of the initial substances were loaded in a modified 140-160 mm long silica ampoule with the diameter 30…32 mm, which had an internal 80-100 mm long silica container with the diameter 18…20 mm. Potassium, phosphorus, and potassium chloride (bromide) were loaded in the internal container, while sulphur was loaded in the outer ampoule. The ampoules were pumped out to a residual pressure of 0.13 Pa and sealed before the synthesis.
The specially designed container with the loaded components was placed in a two-zone vertical resistive oven with electronically controlled temperatures. The apparatus design is shown in Fig. 1 .
The synthesis of K 6 PS 5 Cl and K 6 PS 5 Br was performed by stepwise temperature increase with aging at 523 K for full fixation of sulphur and phosphorus. Under these conditions, potassium does not react with the container material, while the interaction with the sulphur vapour is slow, without intense heat liberation. Further heating was carried out at the rate 50 K/h up to the maximal temperature of 1100 K (K 6 PS 5 Cl) or 1060 K (K 6 PS 5 Br), which was by 50 K above the melting point for the binary compounds KCl and KBr, respectively. At this temperature, the melt was aged for 24 h with subsequent cooling down to 773…853 K (by 30 to 50 K above the crystallization point) with 24-h aging and further cooling down to the room temperature at a rate of 50 K/h. The synthesis resulted in visually polycrystal-like or glass-like materials of white or light yellow colour. The specimens obtained did not stick to the silica container or interact with its material.
Differential thermal analysis of the obtained samples was performed using combined chromel-alumel thermocouples at heating/cooling rates of 700 K/h. The accuracy of the temperature measurements was ±5 K.
Scanning electron microscopy (SEM) studies of the compounds were performed using the Hitachi S-4300 microscope. SEM studies were combined with energydispersive X-ray spectroscopy (EDX) to determine the chemical composition of the compounds.
Raman scattering measurements were carried out at room temperature using the Horiba LabRAM 800 spectrometer. Excitation was provided by a Cobolt Fandango solid-state laser with the excitation wavelength 514.7 nm. The signal was detected by a cooled CCD camera. The instrumental resolution was better than 2.5 cm -1 .
Results and discussion
The synthesized materials were studied by differential thermal analysis (see Fig. 2 ). The DTA curve for K 7 PS 6 ( Fig. 2a) does not exhibit noticeable anomalies in the heating or cooling curves. A slight endothermic effect of softening is observed in the heating curve at 607±5 K as well as a smeared exothermic effect of crystallization at 628±5 K, no exothermic effect of K 7 PS 6 melting could be detected. Meanwhile, a slight exothermic effect of crystallization is observed at 687±5 K. The K 6 PS 5 Cl DTA curve (Fig. 2b) is characterized by the presence of two endothermic effects at 735±5 K and 800±5 K in the heating curve and an exothermic effect in the cooling curve. The endothermic effect at 735±5 K is rather smeared, which can be an evidence for softening of a glassy phase within the range 735…782 K. Simultaneously, no clear exothermic effect of glass crystallization is observed. The endothermic effect at 800±5 K corresponds to K 6 PS 5 Cl melting. The cooling curve reveals a smeared exothermic effect of crystallization at the temperature 694±5 K. This difference between the temperatures of the corresponding effects in the heating and cooling curves can possibly be an evidence for a tendency to glass formation.
The DTA curve for K 6 PS 5 Br (Fig. 2c ) exhibits two endothermic effects at 699±5 K and 746±5 K. Both effects are relatively slight and can be related to melting of a crystalline phase. Similarly to K 6 PS 5 Cl, the endothermic effect at 746±5 K corresponds to the K 6 PS 5 Br melting, while the first endothermic effect within the 699…735 K range is smeared and seems to be more typical for softening of a glassy phase.
SEM images of the synthesized potassium halogenthiophosphates shown in Fig. 3 reveal a visually polycrystal-like pattern with defined irregular domains of 20 to 200 µm size. The surface of the synthesized K 7 PS 6 sample is much smoother (Fig. 4) . EDX studies of the samples showed the chemical composition of the compounds to differ from the stoichiometry by no more than 10 % (e.g., K 6.1±0.1 P 1.1±0.1 S 4.9±0.1 Cl 0.9±0.1 , K 7.2±0.1 P 1.0±0.1 S 5.8±0.1 ).
Raman spectra of the synthesized K 6 PS 5 Br and K 6 PS 5 Cl compounds are presented in Fig. 5 . The spectra contain a set of quite narrow peaks, clearly revealing the crystalline character of the samples. The spectra show a noticeable similarity, with a dominating narrow (FWHM below 3 cm -1 ) peak near 420 cm -1 . Comparison of the measured spectra with those of relatively well studied Cu 6 PS 5 Br and Cu 6 PS 5 Cl crystals with argyrodite structure [15, [21] [22] [23] grown by similar technique reveals similar features. Our experimentally measured Raman spectra of Cu 6 PS 5 Br and Cu 6 PS 5 Cl crystals were basically the same as those studied earlier [15] . For the copper-containing argyrodite crystals, the dominating peak near 420 cm -1 is assigned to symmetric vibrations of the PS 4 tetrahedra, which are the main structural units in the argyrodite lattice [15, [21] [22] [23] . The similar positions and intensities of this dominating narrow feature in the spectra make it reasonable to assume that the synthesized K 6 PS 5 Br and K 6 PS 5 Cl compounds are, similarly to Cu 6 PS 5 Br and Cu 6 PS 5 Cl, characterized by the argyrodite structure.
However, a more detailed look at the dominating peak (Fig. 6) shows that the spectra of K 6 PS 5 Br and K 6 PS 5 Cl reveal distinct differences from those of the copper-containing argyrodites measured under the same experimental conditions. The most intense sharp peak in the spectra of Cu 6 PS 5 Br (418 cm -1 ) and Cu 6 PS 5 Cl (421 cm -1 ) is well described by a Lorentzian with FWHM of 9…11 cm -1 , which is very similar to the earlier data [15, 21, 23] . Meanwhile, the similar peak for K 6 PS 5 Br and K 6 PS 5 Cl is much narrower with a clearly visible shoulder at the lower-frequency side. Simulation of the observed feature by two Lorentzians reveals a superposition of two narrow peaks differing in frequency by 3 cm -1 (Fig. 6 ). In general, the room-temperature Raman spectra of K 6 PS 5 Br and K 6 PS 5 Cl are much richer than those of the copper-containing counterparts. Namely, instead of a relatively weak and broad band near 540 cm -1 , which for Cu 6 PS 5 Br and Cu 6 PS 5 Cl is assigned to internal stretching vibrations of the PS 4 tetrahedra [15] , for potassium halogenthiophosphates a series of narrow peaks within the range 530…575 cm -1 is observed. Note that for copper-containing argyrodites splitting of the broad band into several features is revealed at low temperatures [15] .
In the lower-frequency range (below 400 cm -1 ), there is no visible correlation between the roomtemperature Raman spectra of copper and potassium halogenthiophosphates. The spectra of K 6 for K 6 PS 5 Br and a roughly equally weak triplet within the range 336…346 cm -1 is registered for K 6 PS 5 Cl, with no counterparts in the spectra of the copper-containing argyrodites.
In spite of the observed differences, one can assume, based on the general similarity of the Raman spectra of the synthesized K 6 PS 5 Br and K 6 PS 5 Cl and the known Cu 6 PS 5 Br and Cu 6 PS 5 Cl crystals, that all these materials belong to the argyrodite family with pronounced PS 4 tetrahedral structural groups. Still, there are some rather systematic differences in the Raman spectra of K 6 PS 5 Br and K 6 PS 5 Cl, on the one hand, and Cu 6 PS 5 Br and Cu 6 PS 5 Cl, on the other hand which can be explained by several factors. First of all, the broader spectral features of copper-containing argyrodite crystals in comparison with those of K 6 PS 5 Br and K 6 PS 5 Cl can be related to the lower rigidity of the Cu 6 PS 5 Br and Cu 6 PS 5 Cl crystal lattice since these materials are known to possess high ionic conductivity at room temperature [1, 9] . Even though the ionic conductivity is related to mobile copper ions, the vibrations of which have lower frequencies and are external with respect to the pronounced PS 4 tetrahedral structural groups, the ionic motion evidently contributes to the increase of the damping of their vibrations revealed as somewhat broader peaks in the Cu 6 PS 5 Br and Cu 6 PS 5 Cl Raman spectra. The high ionic mobility in copper-containing argyrodites can also be responsible for the fact that broad maxima in the room-temperature Raman spectra of these compounds can be split into narrower features only at lower temperatures [15] .
The appearance of multiple narrow peaks in the higher-frequency range of the K 6 PS 5 Br and K 6 PS 5 Cl Raman spectra (four distinct features within the 530…575 cm -1 range, the intense new peaks within the 445…465 cm -1 range, and the clearly resolved doublet structure of the most intense peak), as compared to those of the copper-containing argyrodites, can be evidence for a difference in the crystal structure of potassiumcontaining compounds. It is well known that crystals of the argyrodite family can possess not only cubic (like Cu 6 PS 5 Br and Cu 6 PS 5 Cl), but also hexagonal [24] , orthorhombic [25] , or monoclinic [26] structure. A noncubic argyrodite structure of potassium halogenthiophosphates could be a possible reason for splitting of the modes at 267 and 273 cm -1 , which correlate with degenerate vibrations of E and F 2 symmetry near 310 cm -1 in Cu 6 PS 5 Br and Cu 6 PS 5 Cl. Alternatively, the numerous distinct features in the Raman spectra of the synthesized K 6 PS 5 Br and K 6 PS 5 Cl compounds can possibly be related to the presence of different crystalline polythiophosphate species, the structure of which can contain tetrahedra of similar type, with or without distortion, providing the corresponding different vibration frequencies being revealed. It is known from our recent studies [22, 23] that, for instance, Cu 7 PS 6 , although possessing a different symmetry group, has a very similar most prominent Raman feature at 425 cm -1 , corresponding to symmetric vibrations of the PS 4 tetrahedra. From this point of view, it seemed interesting to compare these data with those of Raman measurements performed for the synthesized halogenfree K 7 PS 6 compound. From the corresponding spectra, shown in Fig. 7 , one can clearly see that the similarity between K 7 PS 6 and Cu 7 PS 6 is much smaller than the similarity between K 7 PS 6 and the potassium-containing halogenthiophosphates. In particular, one can clearly notice the agreement of the peak frequencies at 445 and 467 cm -1 in the spectrum of K 7 PS 6 ( Fig. 7) with those observed for K 6 PS 5 Br and K 6 PS 5 Cl (Fig. 5) . On the one hand, as noted above, this could possibly mean that the synthesized potassium halogenthiophosphate compounds may have some K 7 PS 6 crystallites that thus leave their fingerprints in the Raman spectra. However, it seems much more realistic that the structure of the argyrodite compounds under investigation depends on the cation species much stronger as it could be initially expected.
Conclusions
Potassium halogenthiophosphates K 6 PS 5 Br and K 6 PS 5 Cl as well as halogen-free K 7 PS 6 compound, which, to our knowledge, have not been reported before, were synthesized by a two-step technique from elemental substances as well as potassium halides. The elemental composition of the samples was determined by EDX. Raman spectra of K 6 PS 5 Br and K 6 PS 5 Cl samples provide evidence for their crystalline structure. Their comparison with the Raman spectra of chemically related Cu 6 PS 5 Br and Cu 6 PS 5 Cl argyrodites confirmed that K 6 PS 5 Br and K 6 PS 5 Cl also belong to the argyrodite family. However, the much richer spectrum of K 6 PS 5 Br and K 6 PS 5 Cl as well as K 7 PS 6 in comparison with the copper-containing related compounds implies that the structure of potassium-containing argyrodites most likely differs from the cubic structure of Cu 6 
